One each of 17 commercially available prosthetic mitral valves has been subjected to in vitro testing using a pulse duplicator. Measurements of mean diastolic pressure difference, incompetence, dimensions, mechanical movements, and turbulence were made, and the quality of manufacture was examined. Although most valves would be effective in the treatment of incompetence, only those with large orifice diameters produced no significant stenosis. All the valves tested were in clinical use at some time in the period 1966-71. Most of the prostheses were obtained in 1968 or 1969. Many of this group showed a manufacturing standard which was less than impeccable.
Replacement of a diseased mitral valve with a prosthesis is usually undertaken because of stenosis and/or incompetence produced by the defective valve. It is, therefore, important that the diastolic pressure difference across the prosthesis should be appreciably lower than the diastolic pressure difference found in a moderate stenosis, and the incompetence produced should be less than a moderate incompetence in the diseased valve. If this were not so there would be little point in replacing any but the most severely damaged valves, and it is patients with this severity of the disease who are the poorest surgical risks.
The correction of gross incompetence often allows the dilated atrium and ventricle to shrink back to their pre-diseased size. Thus a ventricular cavity which is large at the time of surgery could encourage the surgeon to insert too large a valve. When after recovery the ventricular cavity is greatly reduced in size, the cage of the ball valve can impinge on the endocardium, causing laceration and death (Yates, 1969; Kalke et al., 1969) . Conversely, the use of too small a prosthesis will result in a stenosis. Patients who have both aortic and mitral stenosis display myocardial hypertrophy, which reduces the internal volume of the ventricle. In this group, often requiring double valve replacement, the dimension of the mitral valve will be critical and the use of a low profile mitral valve may be preferred.
In considering the choice of a mitral valve replacement the cardiac surgeon should be aware of the relative diastolic pressure difference, incompetence, and dimensional characteristics of all available prostheses in order that the optimum type and size can be selected for a given patient.
These characteristics have been measured for a selection of mitral valve prostheses and in this paper the results are presented, together with some observations made on the dynamic movements, flow disturbance, and quality of manufacture and design.
Since this work was begun there have been a number of changes as regards design, finish or availability of particular valves, as noted below. Of those models incorporating such change of design or finish the Starr Edwards 63101 is the only one which has been tested.
TESTS CARRIED OUT
Seventeen mitral valve prostheses representing a range of disc and ball valves and a flap valve were obtained mainly through normal commercial channels. For reasons of economy some of the valves tested had been clinically used for short periods before testing. No significant tissue deposit was evident on these valves unless stated. (Fig. 21) .
The principal dimensions of the valves are given in Table 1 (Fig. 22) .
A cine film taken of the valve actions revealed:
(a) In all of the ball valves which were observed, Relationship between the physical size, incompetence and stenosis of prosthetic mitral valves 295 the ball bounced several times off the cage apex on opening and oscillated from side to side in the cage. In the Starr-Edwards 6300/3M and 6120/3M this bounce was approximately 25% of the total ball travel. Only in the Starr-Edwards 6120/3M did the ball bounce on closure. Dye injection in the valve orifice during diastole revealed the formation of a vortex in the proximity of the ball cage (Fig. 23) .
(b) Tilting of the disc during the opening and closing sequence was common to all the disc valves and is illustrated in Fig. 24 which shows a lateral view of the Beall valve. Eddy formation took place just distal to the disc of these valves.
(c) The University of Cape Town valve showed random angulation during opening (Fig. 25) .
The mean diastolic flow velocities through certain valves measured with a hot film anemometer are shown (Fig. 26 ) and a comparison of the turbulence spectrum up to 1 kHz is shown in Fig. 27 Relationship between the physical size, incompetence and stenosis of prosthetic mitral valves 297 HUFNAGEL VALVE This valve suffered from several defects:
(a) the seat was hairy; (b) the cage legs had numerous bubbles entrained during moulding; (c) the cage legs had sharp corners on the inside bend of the cage. These 'unradiused' or sharp corners produce high local stresses which can lead to fracture; (d) the design was such that the disc could jam open. The legs of the valve fractured during testing; the defects are shown (Fig. 30) . This valve was supplied in a plastic bag; on one side of the bag was the instruction to sterilize by autoclaving, on the other side of the bag a stick-on label instructing the user not to autoclave but to sterilize chemically. HAMMERSMITH-PORTEX VALVE The surface finish of the valve was poor and the seat hairy (Fig.  31) Valves with very high pressure differences The Starr-Edwards 6300 IM and 2M had very high pressure differences: 3-2 and 4-4 mmHg at pulse rates of 60/min rising to 16-8 and 24 9 mmHg at pulse rates of 140/min.
Valves with high pressure differences The CooleyBloodwell-Cutter 31 disc, the Starr-Edwards 6300/3M, 6310/2M, and 6120/3M ball valves, and the Lusterlite ball valve had a pressure difference of 1 9-2-7 mmHg at a pulse rate of 60/min, rising to 110-l13-3 mmHg at a pulse rate of 140/min.
Valves with moderate pressure differences. The Starr-Edwards 6300/4M, 6310/3M, 6310/4M, the Smeloff-Cutter M7, Beall medium, and the Hufnagel 11 had pressure differences in the range 0 9-2 0 mmHg and 6 4-9-3 mmHg over the same range of pulse rates. Valves with lowest pressure differences The University of Cape Town valve had a pressure difference of 3-3 mmHg at 140/min and the AbramsLucas flap valve 2-1 mmHg at 140/min. These comparisons were made at a stroke volume of 58 ml.
The relation between mean diastolic pressure difference and orifice diameter is shown (Fig. 21) at a stroke volume of 58 ml and a pulse rate of 140/minute. This relation may be expressed by 105 x 108 D5-5 where Pd=mean diastolic pressure difference (mmHg) at a pulse rate of 140/min and a stroke volume of 58 ml and D=orifice diameter (mm).
This graph does not imply that valve design has no influence upon mean diastolic pressure difference, because obviously a change in poppet movement would influence this. However, for the valves tested it is clear that the orifice diameter has an important influence on the pressure difference. Therefore, a small reduction of this diameter due to tissue ingrowth could be expected to cause a relatively large increase in pressure difference, especially in prostheses with a small orifice. This is confirmed in Fig. 32 which shows the effect of tissue ingrowth on the pressure difference of a Starr-Edwards 6300/2M valve removed from a patient because of restenosis. Most of the valves tested had a cloth-covered orifice actually to encourage tissue ingrowth, and it follows that these valves would probably show some increased pressure differences in clinical use if tissue were deposited in the orifice.
The Starr-Edwards rubber-balled valve model 6120 needed a transient pressure gradient of about 30 mmHg to unseat the ball from its orifice (Fig.  33) . This was because the ball (being elastic) was squeezed into its seat during systole. The ball then required a high pressure difference to overcome the friction which existed between it and the orifice before opening could occur. Relationship between the physical size, incompetence and stenosis of prosthetic mitral valves 299
The ball valves, which were less competent than a majority of the disc valves, showed increased incompetence with relative increased poppet movement. Table I shows the ratio of poppet movement to orifice diameter. The disc valves had ratios in the range 0-24-0O39 and were more competent than the ball valves, a majority of which had ratios in the range 0 44-0 55. Te two ball valves with the highest incompetence levels, the Smeloff-Cutter and the Starr-Edwards 6300/ 2M, had ratios of 0-64, and another ball valve with a high incompetence level, the Lusterlite, had a ratio of 0 57. With the exception of the Hufnagel valve (which had a comparatively short poppet movement) valves with larger orifices had increased incompetence levels. This is typified by a comparison between the Starr-Edwards 6300/ 4M and 6300/3M. It is the retrograde flow through a prosthetic valve which causes the valve to close. Valves with a low forward pressure difference usually also display a low reverse pressure difference when open and so require an increased retrograde flow rate in order to cause closure. However, in the flap valve a large ventricular vortex probably assisted in valve closure.
Effect of incompetence on mean diastolic pressure difference In clinical use, the effect of incompetence of a prosthesis will be to cause the The Hufnagel valve fractured before the tests were completed.
heart to increase its stroke volume in order to achieve the cardiac output necessary to meet metabolic requirements. This increase in volume pumped would also increase the diastolic pressure difference across the prosthesis without contributing to cardiac output. In order to emphasize this effect Table II Mechanical movements of valves visualized by cinephotography The claim that the ball of ball valves rolled rather than slid along the cage struts was not verified, and as the ball oscillated some sliding was inevitable. All the disc valves showed tilting during the opening or closing phase (in the Hammersmith valve this was a design feature). No rotation of the discs was observed. The tilting action produced is probably caused by friction and, coupled to the absence of disc rotation, would probably lead to localized wear of the discs. Beall et al. (1969) reported wear of the disc in the Beall valve and wear has occurred in other disc valves not tested here (Paton, 1969; Vasko, 1968; Hughes and Carey, 1969) . The U.C.T. M13 valve showed random angular movement of the poppet which group.bmj.com on June 23, 2017 -Published by http://thorax.bmj.com/ Downloaded from might cause it to hit the walls of the relaxing ventricle during early diastole.
Flow velocity measurements The anemometer measurements showed that the disc valves had a flat, low velocity profile distal to the disc, which rose steeply at the walls. The probe could not easily be placed nearer to the wall than 3 mm and it is in this region that maximum flow velocity must have occurred with the disc valves.
The ball valves and the flap valve had a more gently rising velocity profile, and the SmeloffCutter ball valve, with its comparatively smaller ball, had a velocity profile which reached a peak value some distance from the wall.
The Starr-Edwards rubber ball valve 6120/3M had more high frequency turbulence than other valves tested, and the Beall valve had less. It is the higher frequencies of the spectral band (the smallest eddies) which are responsible for the dissipation of energy, but these are unimportant as regards the general pattern of flow. The larger eddies serve to transfer, almost without loss, energy to the smallest eddies where the dissipation of energy or pressure loss occurs (Landau and Lifshitz, 1969) .
Valve dimensions The different valve types had rather different dimensional characteristics:
(a) The closed length, which gives some measure of possible obstruction of the outflow tract of the left ventricle, ranged from 16-5 to 210 mm in conventional ball valves (12-7 mm for the Smeloff-Cutter) but was only 6-2 to 9-5 mm in the disc valves. The Abrams-Lucas valve measured 6-0 mm.
(b) The overall width of the ball valves varied from 23-5 to 27-5 mm but the disc valves were wider at 27-0 to 31-8 mm (an exception was the Hammersmith at 22-0 mm).
(c) The maximum length of the ball valves varied from 26-0 to 32'5 mm while the disc valves were shorter at 13-2 to 18-7 mm. The AbramsLucas valve had a total length of 29 mm when open.
It can, therefore, be seen that the ball valves were longer, would be likely to offer more aortic obstruction, but were narrower than the disc valves.
The Starr-Edwards 6300 group of valves showed a steady progression of dimensions from size 1 to 4 with the exception of the size 2 valve. The cage length and poppet movement was longer than the size 3 valve. It was this disproportionate poppet movement that was responsible for the high incompetence characteristic of this valve. The cage width was only 1l5 mm less than the size 3.
In comparing different valves, an annulus diameter of 30-31 mm was chosen. It is often this annulus size which is selected by the surgeon to fit into the mitral ring. Only the Cooley-Bloodwell-Cutter used the annulus diameter as the size number of the valve prosthesis. Some manufacturers did not list this dimension in their literature. If manufacturers used the annulus diameter of the valve to indicate the size it would make selection easier.
MANUFACTURING STANDARD
Considering the vital function that the valve prostheses have to perform, and their high costs coupled to the cost and dangers of operation and re-operation, the standard of workmanship of some valves was poor. The following suggestionsi could be directed at the manufacturers: finished; it also had a hairy sewing ring, and moulding inaccuracies allowed leakage to take place when the valve was closed. (e) The University of Cape Town valve had gross flash round the split line of the silicon rubber poppet. If parts of this flash were worn off they could cause embolus. The use of silicon rubber as the disc material is likely to lead to the same wear of the disc that is a feature of the other disc valves using this material (Paton, 1969; Vasko, 1968) . Since this work was begun some prostheses have been modified and others are no longer available. The Starr-Edwards model 6300 and 6500 valves have since been replaced by models 6310 and 6520 valves respectively. The 6310 differs from the 6300 in that the primary orifice of the 6310 has been widened, the cage top is joined, and the cloth on the struts of the 6310 is one layer of polypropylene over one layer of Teflon, rather than two layers of Teflon, as in the 6300. In addition, the sewing ring of the 6310 is composed of a composite cloth of Teflon and polypropylene.
The 6520 valve is quite different from the 6500 with the changes in design affecting the primary orifice and the disc of this low profile prosthesis. A larger orifice and a disc of ultrahigh molecular weight polyethylene with a titanium ring are important changes. The sewing ring is manufactured of composite cloth.
The model 6120 prosthesis is still available and the only change has been in the sewing ring cloth. This was formerly made of Teflon and now the cloth is a composite of Teflon and polypropylene.
The Cooley-Bloodwell-Cutter valve has been withdrawn from sale following an unfavourable report of high thromboembolic incidence (Messmer et al., 1970) . The Smeloff-Cutter mitral valve is currently available for sale and basically has remained unchanged.
The Beall mitral valve prosthesis is still commercially available; in addition, a Beall mitral valve with a thicker disc and thicker covering of Teflon on the struts is also manufactured.
The U.C.T. valve which was tested was obtained from the University of Cape Town. A similar prosthesis was subsequently manufactured by Dow Corning Ltd. Both these models have now been discontinued.
The Hufnagel discoid valve's basic design remains unchanged, although present models have increased travel space for the disc, and moulding and polishing techniques have been improved. The validity of the rig results presented here may perhaps be questioned on two counts: (1) that the use of rigid left atrium and left ventricular chambers might adversely affect the performance of a prosthesis; and (2) that the use of a sinusoidal test pulse rather than an accurate pulse reproduction might make the valves appear more incompetent and stenotic.
The problems of external pulse duplication were investigated at an early stage in our work and it became clear that the use of a dead heart was not suitable as a container in which to investigate mitral valve prostheses. We considered the use of artificial flexible atrial and ventricular cavities but chose the rigid chambers which we used because of their constancy. We felt that the shape and expansion characteristics of a flexible test chamber would vary with the characteristics of the prosthesis under investigation.
The filling characteristics of the natural heart are not sinusoidal. It must be remembered, however, that prostheses are not generally inserted into normal healthy hearts but often into those which have become hypertrophic. We argued in a previous paper (Wright and Temple, 1971 ) that the filling rate of the heart would be modified by the insertion of a prosthesis. This was confirmed by Folts, Young, and Rowe (1971) though its incompetence level was rather high at low pulse rates. A minor change to the ball finish would have made this prosthesis more clinically acceptable. The Starr-Edwards 6310/3M was well made but showed marked increase in mean diastolic pressure difference over the 6310/ 4M for only a modest reduction in physical size. The Beal medium was the most satisfactory of the disc valves tested but Blesovsky (1969) has reported haemolytic anaemia in patients with this prosthesis. The Cooley-Bloodwell-Cutter 31 is no longer available.
In our clinical practice the use of the valves which show mild/moderate or moderate stenosis (in Table II ) are avoided except in exceptional circumstances.
The prostheses tested were clearly much more effective for the treatment of incompetence than stenosis. In order to produce low mean diastolic pressure differences a prosthesis should have a large orifice diameter (at least 23 or 24 mm).
